Fragile X syndrome is the most common form of inherited mental retardation affecting up to 1 in 4000 individuals. The syndrome is induced by a mutation in the FMR1 gene, causing a deficiency in its gene by-product FMRP. Impairment in the normal functioning of FMRP leads to learning and memory deficits and heightened sensitivity to sensory stimuli, including sound (hyperacusis). The molecular basis of fragile X syndrome is thoroughly understood; however, the neural mechanisms underlying hyperacusis have not yet been determined. As the inferior colliculus (IC) is the principal midbrain nucleus of the auditory pathway, the current study addresses the questions underlying the neural mechanism of hyperacusis within the IC of fragile X mice. Acute experiments were performed in which electrophysiological recordings of the IC in FMR1-KO and WT mice were measured. Results showed that Q-values for WT were significantly larger than that of FMR-1 KO mice, indicating that WT mice exhibit sharper tuning curves than FMR1-KO mice. We also found the ratio of the monotonic neurons in the KO mice was much higher than the WT mice. These results suggest that lack of FMRP in the auditory system affects the developmental maturation and function of structures within the auditory pathway, and in this case specifically the IC. The dysfunction observed within the auditory neural pathway and in particular the IC may be related to the increased susceptibility to sound as seen in individuals with fragile X syndrome. Our study may help on understanding the mechanisms of the fragile X syndrome and hyperacusis.
Introduction
Fragile X syndrome is a form of mental retardation caused by a deficiency in fragile X mental retardation protein (FMRP) due to a mutation in the FMR-1 gene [1] . It is one of the most prevalent forms of inherited mental retardation and has an incidence of 1 in 4000 males and 1 in 8000 females. Fragile X syndrome involves the expansion of a CGG trinucleotide sequence within the FMR1 gene located on the X chromosome. The effect of this expansion is hypermethylation of the FMR1 gene which disrupts the production of FMRP [2] . Typically, FMRP aids in the regulation of mRNA expression by inhibiting or stimulating protein translation. It is believed that FMRP plays a role in neuroplasticity since expression of this protein is significantly higher in the developing brain than in the adult brain [1] . Therefore, a deficiency in FMRP leads to abnormalities in brain development and function [3] . Mental retardation is the most prominent clinical manifestation of fragile X syndrome, however, patients also experience hyperarousal, aggression, anxiety, hyperactivity and increased sensitivity to sensory stimuli, including sound [1] . It has also been suggested that fragile X syndrome is one of the causes of inherited autism [2] . Although the molecular basis of this disorder has been widely investigated, the neural basis underlying the disorder is poorly understood.
Recent studies have revealed that fragile X patients show brain hyperactivity to acoustic stimuli when compared to non-fragile X individuals [2] . This phenomenon is known as hyperacusis, which is defined as an over sensitivity to acoustical stimuli resulting in reduced sound tolerance. It is suggested that hyperactivity, or dysfunctional processing, in the auditory system leads to hyperacusis in fragile X patients; however, the neural mechanisms underlying this phenomenon are still unknown. Behavioral and fMRI studies on human subjects with fragile X syndrome have shown that these individuals show hyperactive brain responses to acoustic stimuli when compared to control subjects [4] . It is thought that hyperactivity within the auditory system causes symptoms of hyperacusis in fragile X patients; however, the neural basis of this hyperactivity is yet to be determined.
FMR1 knockout (FMR1-KO) mice have been bred to serve as an animal model in order to study the mechanisms underlying fragile X syndrome. FMR1-KO mice exhibit behavior consistent with hyperacusis. One of the methods to assess hyperacusis is using the prepulse inhibition of the acoustic startle reflex paradigm [1, 5] . This paradigm takes advantage of the observation that an animal' s motoric response to a sudden, loud, startle-provoking sound reduces significantly when preceded by a moderate intensity stimulus (prepulse) [6, 7] . Since hyperacousic animals are over-sensitive to sound, they exhibit an enhanced response to the prepulse stimulus. This phenomenon was demonstrated by Chen et al. (2001) , when they found adult FMR1-KO mice exhibited greater prepulse inhibition than control mice. Chen et al. (2001) also detected audiogenic seizure in FMR1-KO mice in response to constant loud noise of 115 dB SPL. Audiogenic seizure is characterized by a series of wild running, erratic leaping and convulsion, ending with tonic hindlimb extension and is thought to be a behavioral consequence of hypersensitivity to loud sound. Behavioral studies carried out by Chen & Toth (2001) confirmed that fragile X mice exhibit hyper-reactivity to auditory stimuli when compared to wild type mice. Increased prepulse inhibition of the startle reflex has been recorded in fragile X mice suggesting they are hypersensitive to acoustic stimuli [1] . The acoustic startle reflex is part of a complex neural circuit involving cochlear and spiral ganglion neurons (SN), cochlear root neurons (CRN), nucleus pontis caudalis (PnC) and spinal moto-neurons (MN). Startle reflex amplitude is controlled by inhibitory mechanisms within the inferior colliculus (IC), superior colliculus (SC) and pedunculopontine tegmental nucleus (PPTg) [8] . Lesion of the IC results in a reduction of prepulse inhibition, suggesting the IC is critical for prepulse inhibition of the acoustic startle reflex. It is thought that FMR1 mutation, and resultant FMRP deficiency, disrupts the functional maturation of the IC and this impaired functioning results in abnormal auditory processing, specifically inhibitory processing mechanisms within the IC, which ultimately leads to hyperacusis. To date, no research has been published on the neural basis of hyperacusis in fragile X syndrome caused by the FMR1 gene mutation. Therefore, in this study, extracellular, multi-channel electrophysiological recordings of sound-evoked responses of IC neurons in FMR1-KO mice versus control mice were used to test the current hypothesis.
Methods

Experimental animals and Genotyping:
Seven FMR1-KO mice and five wild type mice (3-4 months old, 20-40 g) from Jackson Lab were used in this experiment. All protocols were approved by the Institutional Animal Care and Use Committee (IA-CUC) of State University of New York at Buffalo and were consistent with the guidelines issued by the National Institutes of Health.
The breeding procedure for FMR1-KO mice has been described in detail elsewhere [1] . FMR1-KO mice were confirmed through a genotyping protocol and mice were separated into the experimental (FMR1-KO) group and the control (WT) group. Both male and female mice were used in the current experiment and ages ranged from 21 to 40 weeks. All procedures involving animals were carried out according to the animal care guidelines of National Institute of Health (NIH). All efforts were made in order to minimize animal suffering and use only the number of animals necessary to collect reliable scientific data.
Surgery and electrophysiological recording:
All experiments were carried out in sound-proof chambers. Mice were anesthetized by administering a mixture of ketamine (80 mg/kg) and xylazine (6 mg/ kg) intraperitoneally (i.p.). The skin on the parietal bone was carefully removed to expose the skull. After removing the tissue on the surface of the skull with 3% hydrogen peroxide (H2O2), a fixing pole was glued on the parietal bone with dental cement. The fixing pole was then fixed in a magnetic stand to hold the mouse's head. Then, a~3 × 3 mm region of cranial bone overlying the dorsocaudal aspect of cerebellum was removed to expose one side of the IC under a surgical microscope.
A 16-channel microelectrode from NeuroNexus (A1x 5mm-100-177, Ann Arbor, Michigan) was used to record the IC response. The electrode had one-shank with 16 recording sites (100 µm spacing) and the impedance of each recording site was above 1 MΩ. During the recording, the electrode was mounted on a hydraulic manipulator and advanced in the IC at an approximately 80-90 degree angle perpendicularly to the surface of the IC for extracellular recording. The output of the electrode was connected to a 16 channel preamplifier (RA16PA, TDT) using a flexible low noise cable. The output of the preamplifier was delivered to a digital signal processing module (RZ6, Tucker-Davis Technology (TDT), FL) connected to a computer. A stainless steel electrode, inserted into the frontal lobe, was used as the ground. The body temperature of the mouse was maintained at 37oC using a thermally regulated heating pad system (Homeothermic blanket control unit, Harvard Apparatus, MA).
A white-noise burst (50 ms, 50-70 dB SPL) was presented at 3 times/second while the electrode was advanced into the IC to search for neurons. The electrode was inserted into the IC until all of the recording sites showed a maximum response. Then, the multiple-unit responses were recorded and the peri-stimulus time histograms (PSTH) and frequency response areas (FRAs) were reconstructed from spike discharges (100-3000 Hz) using OpenEx (TDT) and custom software. The characteristic frequency (CF) recorded from each recording site of the electrode was defined at the frequency with a minimal threshold (MT). The width of the FRAs at 10, 20, 30, 40 and 50 dB above the threshold was evaluated using quality factors (Q value). Q10, Q20, Q30, Q40, Q50 and Q60 were calculated using the CF divided by the bandwidth of the FRA at 10, 20, 30, 40, 50 and 60 dB above the MT. The sound driven spiking rate was calculated by using the averaged PSTHs in a 50 ms window after the onset of the acoustic stimuli. For all conditions the significance level was set at 0.05.
Results
The genotyping results of FMR1-KO and WT mice are shown in Figure 1 . FMR1-KO mice show a clear band on RT-PCR results using the FMR1 mutation primers and no-band on PCR results using the wild type primer ( Figure 1A ). WT mice show no detected band on FMR1 primer and clear bands for the WT primer.
From the FMR-1 KO animals, a total of 71 recordings were obtained from individual neurons for FRA response. Figure 2A shows an example of the FRA response from a neuron recorded from a WT mouse which CF was at 12 kHz. The frequency organization of the IC has been described in detail by previous studies [9] [10] [11] . Consistent with previous studies, the CFs were laminar dependent and increased monotonically from the superficial to the deep layers. Figure 1B shows the averaged CF tonotopic gradient obtained from FMR1-KO and control mice. There was no significant difference on the CF distribution between KO and the WT mice.
The sharpness of tuning curves was evaluated in the neurons recorded from the FMR1-KO mice and the control mice in response to randomly presented acoustic stimuli. Figure 3 shows a graphical representation of Q-values at Q10 through Q60 in WT versus FMR1-KO mice. The averaged Q values recorded from the IC neurons in the WT mice was higher than the KO mice suggesting the tuning curves of the IC neurons of the WT mice was sharper than the KO mice. The average value of Q10 was 2.88 ± 2.18 (n = 45) for the WT mice and 1.08 ± 0.95 (n = 73) for FMR1-KO mice (Student's t-test, p < 0.001); Q20 was 2.05 ± 0.71 (n = 45) for the WT mice and 1.489 ± 0.69 (n = 73) for the KO mice (p < 0.001); Q30 was 1.635 ± 0.63 (n = 45) for the WT mice and 1.183 ± 0.52 (n = 73) for the KO mice (p < 0.001); Q40 was 1.397 ± 0.61 (n = 45) and 0.962 ± 0.41 (n = 73) for the WT and FMR1-KO mice respectively (p < 0.001); Q50 was 1.247 ± 54 (n = 37) and 0.820 ± 0.31 (n = 55) for the WT and KO mice respectively (p < 0.001); Q60 was 1.259 ± 0.54 (n = 13) and 0.753 ± 0.30 (n = 37) for the WT and KO mice (p < 0.001). We also calculated the number of the IC neurons showing different patterns of the firing rate-intensity function. Figure 4A shows an example of saturated type of the firing rate-function of an IC neuron recorded in a WT mouse and Figure 4B shows a typical monotonic type of IC firing rate function recorded in KO mouse. The ratio of the monotonic neurons recorded from the WT mice and the KO mice were calculated. We found the ratio of the monotonic neurons in the KO mice was much higher than the WT mice ( Figure 4C ). 
Discussion
The current study examined the sharpness of tuning curves recorded from the IC of WT versus FMR1-KO mice in response to acoustic stimuli. Results showed that Q-values for WT were significantly larger than that of FMR1-KO mice, indicating that WT mice exhibit sharper tuning curves than FMR1-KO mice. These results suggest that lack of FMRP in the auditory system affects the developmental maturation and function of structures within the auditory pathway, and in this case specifically the IC. Therefore, the dysfunction observed within the auditory neural pathway and in particular the IC may be related to the increased susceptibility to sound known as hyperacusis as seen in individuals with fragile X syndrome.
It is long known that Fragile X syndrome is associated with the lack of FMRP as a consequence of genetic inactivation of the FMR1 gene. FMR1-KO mice exhibit several phenotypical abnormalities also observed in the human disease such as enlarged testes in males and long, thin dendritic spines [12] . Cognitive deficits have been demonstrated through mildly impaired performance on the Morris water maze and spatial learning tests [13] [14] [15] . To date, the neurological deficits these mice incur have not been studied. Behavioral studies have produced ample evidence supporting disruption in functional maturation of the IC as an underlying cause of hyperacusis in individuals with Fragile X syndrome. According to previous studies, FMRP becomes essential in postnatal weeks 3 or 4, and the presence of FMRP at this time greatly influences an animal' s ability to achieve an adult level startle response later in life [12] . This suggests a critical period in which FMRP is especially important for the generation of auditory maps and sharpening of tuning curves within the brainstem in response to auditory input. Results of the present study help to elucidate some of the changes that occur within the auditory neural pathway.
Neilson et al. observed both an elevated startle in response to low intensity stimuli and a reduced startle to high intensity stimuli in the FMR1-KO mice. This conflicting evidence for hyperacusis suggests there is an abnormality in secondary brain regions influencing the primary startle response and causing hyperacusis responses to otherwise low level stimuli in animals with FMR-1 gene mutation. Chen et al., (2001) showed that FMR1-KO mice exhibited audiogenic seizures in response to a constant loud stimulus, and that they showed enhanced pre-pulse inhibition to the acoustic startle reflex because they were hyper-sensitive to the moderate-intensity prepulse stimulus. The amplitude of the startle reflex is modulated by inhibitory circuitry involving the IC, SC and PPTg [8] . The IC is the principal midbrain nucleus of the auditory pathway and lesion of the IC causes a significant reduction of prepulse inhibition [16, 17] . IC dis-inhibition can also cause audiogenic seizure. Therefore together with the results of the current study, it can be postulated that FMR-1 gene mutation impairs the functional development of inhibitory processing in the IC which possibly results in hyperacusis.
